Objective: The effects of chronic coronary occlusion on the capillarity of left ventricular tissue in rat heart. Methods: The heart was exposed through a left-sided thoracotomy in ethylether-anesthetized and ventilated rats. The left coronary artery was occluded with a thin suture and the thorax was closed. Thirty days after the surgery the heart was removed and cross-sections were made for morphometric analyses. Results: The cross-sectional area of cardiomyocytes increased markedly in the subepi-and subendocardia with a concomitant increase in the capillary to myocyte ratio. The total capillary density increased in the non-ischemic zone. The balance between the increase in capillary density and myocyte hypertrophy was assessed from the capillary domain area (CDA). CDAs were significantly smaller for the venular capillary portion in the subendocardial non-ischemic zone. However, CDAs in the transition zone around the necrosis were significantly increased in the venular capillary portion in the subendocardium and in all capillary portions in the subepicardium compared with those in the non-ischemic zone. Immunohistological staining for basic fibroblast growth factor (bFGF) revealed punctate bFGF distribution in both the non-ischemic and transition zones of ventricular tissues 30 days after occlusion, suggesting a persistent stimulation for capillary angiogenesis. Conclusion: The remodelling of the capillary bed is not uniform throughout the cardiac tissue in coronary-occluded rat hearts. CDAs decreased in the non-ischemic zone but increased in the transition zone. The rate of capillary angiogenesis failed to parallel the development of hypertrophy in the transition zone over 30 days, as could be seen from the significant reduction in the percentage of venular capillary portions.
Introduction
The classical model of myocardial infarction in the left ventricle suggests that the necrotic lesion is surrounded by a transition zone. According to Przyklenk and Groom [l] the transition zone extends several hundreds of micrometers from the edge of the necrosis 1 month after coronary artery occlusion in the rat [l] . Cardiomyocytes in the transition zone are viable but in danger of becoming ischemic [2, 3] . In contrast, in the non-ischemic zone marked hypertrophic changes occur. Hypertrophy of cardiac cells may involve angiotensin II [4] . Hence the finding that angiotensin converting enzyme (ACE) activity and its mRNA are markedly increased in the transition zone [5] may be significant. The importance of the transition zone and the hypertrophic changes in the non-ischemic zone for the maintenance of cardiac function encouraged us to re-examine the capillarity in this zone. It should be pointed out, however, that the existence of the transition zone has been questioned by some authors [6, 7] . In the present study the capillarity of ventricular tissue from rats subjected to coronary occlusion has been examined histochemically by a double staining technique [8] that distinguishes arteriolar and venular capillary portions. In brief, arteriolar capillaries, which contain alkaline phosphatase, stain blue, venular capillaries, which contain dipeptidylpeptidase IV (DPPIV), stain red, and intermediate capillaries, containing both enzymes, stain violet. This technique has been applied to the analysis of the capillary network in hypertrophied [9] and growing [lo] rat hearts. The validity of the double staining method for differentiating the capillary portions was confirmed in a previous study that involved infusion of 10 pm microspheres into the coronary artery, and also histochemical staining of cultured endothelial cells from coronary vessels [l I]. In addition to the double staining technique an immunohistochemical method was used in the present study to examine the distribution of basic fibroblast growth factor (bFGF), one of the angiogenic stimulators.
ventricle. Four sections 16 p,m thick, each 80 km apart, were obtained. Since lOO-150 capillaries were present in a single visual field, 400-600 capillaries were examined in each rat. Double staining of sections for differentiating arteriolar and venular capillaries was performed as described previously [9, 10] ; the sections were covered with Crystal Mount (Biomeda, CA, USA) [12] .
Methods
Nine-week-old male Wistar rats (body weight 220 f 5 g) were used for the experimental coronary occlusion. They were provided with standard rat chow and water ad libitum, and all procedures were performed according to the institutional guidelines for care and use of laboratory animals. The rats were anesthetized with ethylether throughout surgery. A polyethylene tube with an outer diameter of 2 mm was passed into the trachea through the mouth, and positive pressure ventilation was applied from a Harvard small animal respirator with a stroke volume of 1.2 ml/ 100 g body weight and a rate of 65 strokes/min. The heart was exposed through a left-sided thoracotomy at the 4th intercostal space. The pericardium was opened and the appendage of the left atrium raised to reveal the left descending coronary artery. A thin thread attached to an Elp needle was passed under the coronary artery 2-3 mm from the origin. A small amount of the underlying subepicardial tissue was included in the ligature when it was tightened. Tightening the ligature instantaneously caused a marked decrease in the contractile movement of the wide myocardium supplied by the left coronary artery. The left lung was then inflated and the chest was closed. In the sham operation a thread was placed in the subepicardium under the coronary artery but not tightened. Two of the rats with coronary occlusion and 2 sham-operated rats died in the first 24 h after surgery, but the remaining 5 infarcted and 3 sham-operated rats were kept for 30 days. Additional 2 infarcted rats were used for immunohistological study at 24 h after surgery. The rats were killed by decapitation with a guillotine. The heart was removed, weighed and dipped in OCT solution, frozen in liquid nitrogen and stored at -80°C. The infarcted area covered 40-50% of the left ventricle.
Using a Nikon microscope visual fields were selected in the subepi-and subendocardial non-ischemic (niz) and transition zones (tz) of coronary occluded rat ventricle, equivalent, intact zones were examined in the sham-operated animals. The transition zone extending 225-525 pm laterally from the margin of the fibrous scar [l] contained practically no fibrous structure as checked by Azan staining which is useful for the detection of interstitial fiber formation. The transition zone was microscopically characterized by the low capillary density and hypertrophied cardiomyocytes.
Capillaries and myocytes were drawn on a sheet of paper through a drawing tube attached to the microscope. The capillary density, the proportion of different capillary portions, the capillary domain areas [13] and cardiomyocyte areas were separately calculated.
Immunohistochemical staining for bFGF was done using anti-bovine basic FGF [ 141, which reacts with rat basic FGF (Upstate Biotechnology, Lake Placid, NY, USA), visualized with biotinized anti-mouse IgG and aminoethylcarbazole (AEC substrate kit, Nitirei, Tokyo). Frozen sections were placed on silane-coated slides and allowed to equilibrate to room temperature, fixed in acetone at 4°C for 10 min and dried in a stream of air. Sections were encircled with Pappen (Daido Sangyo Co. Ltd, Tokyo). Slides were transferred to phosphate buffer solution (PBS) containing methanol and 1% hydrogen peroxide for 5 min, then placed for 15 min in PBS containing 0.1% BSA to eliminate endogenous peroxidase. bFGF was localized with one drop of PBS containing the anti-bFGF IgG.
All data are presented as means & s.d. Significance of difference was checked by Student's unpaired t-test or the Mann-Whitney U-test. When P < 0.05, the difference was considered significant.
Results
Morphometric analyses of capillarity and myocytes were made on cross-sections taken at the widest part of the left Widespread immunohistochemical staining for bFGF was observed in the subendocardium of the non-ischemic zone 24 h after the coronary occlusion. Clear staining for Values are means + s.d. niz = non-ischemic zone; tz = transition zone. ' Significantly different from sham-operated (P < 0.01); * * Significantly different from sham-operated (P < 0.001); * ~ ' Significantly different from sham-operated (P < 0.0001). + Significantly different from sutendo-niz within tissues (P < 0.01). i Significantly different from subcndo-niz between tissues (P < 0.01). Ii Significantly different from subendo-niz between tissues (P < 0.001). " Significantly different from subepi-niz (P < 0.0001); " Significantly different from subendo-tz (P < 0.05): "' Significantly different from subendo-tz (P < O.OOl). Compared with sham-operated group ^P < 0.01, ^*P < 0.001. Compared with niz * P < 0.05. * * P < 0.01. Compared with sham-operated group ^P < 0.05, ^^P < 0.01. Compared with niz * P .< 0.001. Compared with subendocardium # P < 0.05. bFGF was also observed in the middle layer and some capillaries were stained for bFGF in subepicardial tissues (Fig. 1) . Punctate staining of tissues for bFGF could still be found 30 days after coronary occlusion (Fig. 2) . Basic physical data are listed in Table 1 . No significant differences were found between the two groups, although heart and left ventricular weights were slightly higher in the occluded rats.
Myocyte areas and the capillary to myocyte ratio (C/M ratio) in both the subendo-and subepicardium of the non-ischemic and transition zones were larger in the coronary-occluded rats than in the sham-operated rats ( Table  2) .
The CDAs were altered by occlusion, but the capillary portions involved and the direction of change varied according to the zone and the layers of the ventricular wall. Table 3 gives the CDAs for the occluded group and the significance of differences from the values for the shamoperated rats. In brief, in the non-ischemic zone, the CDAs were decreased for all capillary portions in the subepicardium but decreased only for the venular portions in the subendocardium. In the transition zone the venular CDAs were increased in the subepicardium and, in the subendocardium, compared with the sham-operated group. Table 3 also shows the statistical differences between CDAs for the non-ischemic versus the transition zone in the occluded group. In the subepicardium the CDAs of all capillary portions were larger in the transition zone than in the non-ischemic zone; in the subendocardium only the venular CDA is larger.
Capillary densities and percentages are listed in Tables  4 and 5 . Densities of arteriolar and intermediate capillary portions in the subendocardial non-ischemic zone were higher in coronary-occluded than in sham-operated rats; the number of venular capillary portions was unaltered, but the percentage was significantly decreased (69.1 f 16.0 vs 84.4 f 5.9). In the transition zone the density of the venular capillary portions was significantly lower than in the non-ischemic zone particularly in the subepicardium where total capillary density was also lower (Table 4 ).
Discussion
Although capillary density in the subepicardium tends to be higher than in the subendocardium in the left ventricle of normotensive rats [ 15-181, a significant difference has been reported only in rat hearts subjected to overload or hypertension. In the present study, however, the capillary density was significantly higher in the subepicardium than in the subendocardium of the sham-operated rats. The cause of this discrepancy is unclear.
In both the non-ischemic zone and Qe transition zone myocyte cross-sectional areas were larger in the coronaryoccluded group in agreement with previous studies [5] . Presumably the hypertrophy is a result of the overload imposed on surviving cardiomyocytes.
The total capillary density and capillary to myocyte ratio were increased in the non-ischemic zone. These results contrast with previous studies reporting decreases in the capillary density and C/M ratio in the same zone in rat hearts following infarcts [I] . However, our demonstration of bFGF at both 24 h and 30 days after coronary occlusion suggests the persistence of strong stimulation of capillary angiogenesis.
The changes in CDAs following occlusion indicate the extent to which the increased capillarity matches the hypertrophy of the cardiomyocytes. In the non-ischemic zone the CDAs tended to be smaller than those in the sham-operated group. This change together with the increases in capillary density and C/M ratio should improve the oxygenation of the surviving tissue.
In the transition zone the increases in CDAs shown in Table 3 indicate that although the C/M ratio rose, the increase in capillarity was insufficient to match the hypertrophy of the cardiomyocytes. Comparison of the various CDA values in Table 3 suggests that remodelling of the capillary bed in response to hypertrophy of the cardiomyocytes is not uniform throughout the cardiac tissue.
No significant changes in s.d.-log values (Table 6 ) throughout the ventricular wall between coronary-occluded and sham-operated rats suggests that heterogeneous spacing of capillaries was not improved despite the increase in C/M ratio.
The distribution of bFGF was also non-uniform, staining being strongest in the subendocardium. Since capillary angiogenesis starts from the venular side [19] , the decreased capillary density in the subepicardium, mainly attributable to a decrease in the venular capillary portion, appears consistent with the weak staining for bFGF in the subepicardium in the coronary-occluded rats.
In addition, circulatory stress is known to promote arterialization of capillaries [20] , and could be a factor in the reduction of the percentage of venular capillary portions in the subepi-and also in the subendocardium in the transition zone. There is evidence that bFGF is involved in arterialization [21] as well as in capillary angiogenesis. The increases in arteriolar and intermediate capillary portions observed in the present work might be related to arterialization of pre-existing capillaries in response to bFGF, an interpretation that appears consistent with the distribution of bFGF.
